Introduction of Dendrite Fragmentation in Microstructure Calculation by Cellular Automaton Method
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(Received on May 19, 2019 ; accepted on July 22, 2019; originally published in Tetsu-to-Hagané, Vol. 104, 2018, No. 10, pp. 559-566) Control of the solidification microstructure in continuous casting of steel is necessary because the microstructure affects material properties. In order to predict the solidification microstructure, the effect of dendrite fragmentation was indirectly introduced in the cellular automaton method by using V crit , which is the velocity threshold of the molten steel flow. Calculations were carried out with various V crit (200 μs −1 ≦ V crit ≦ 1 mms −1 ), and the results were compared with the results of a casting experiment using high carbon steel. The observed specimens were extracted from the upper part and lower part of casting. Equiaxed grains and branched columnar grains were observed in the microstructure of the upper specimen, whereas only columnar grains were observed in the microstructure of the lower specimen. The calculation results with V crit greater than 400 μm showed good qualitative agreement with the microstructures of both observed specimens. The microstructures were calculated because the flow velocity of the molten steel around the upper specimen was much greater than that around the lower specimen. There is a possibility that solute transportation, which induces fragmentation, occurs even if the velocity of the molten steel flow is on the order of 10 − 4 ms − 1 .
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In addition to heterogeneous nucleation in the undercooling region, fragmentation of dendrite arms is one of the causes of the equiaxed-like microstructure. [6] [7] [8] Electromagnetic stirring is a well-known industrial technology for suppressing the equiaxial crystal ratio utilizing fragmentation of dendrite by the dynamic pressure of the molten steel. 9, 10) Previous research reported that not only the dynamic pressure of the molten steel, but also local concentration of solute elements induces dendrite fragmentation. Ruvalcaba confirmed that dendrite fragmentation takes place in solute concentrated regions between dendrite branches. 11) Liotti pointed out that local concentration of solute induces change in the curvature of the solid-liquid interface and consequently enhances remelting of dendrite.
12)
One method for predicting the equiaxed-like microstructure region is numerical calculation by the cellular automaton method. 13, 14) However, in generation of the solid phase, the basic cellular automaton method considers only heterogeneous nucleation. Because the basic cellular automaton method does not consider solid generation by dendrite fragmentation, there is limitation on its application for prediction of the steel microstructure. The objective of this research is to increase the prediction accuracy of the equiaxed-like microstructure region by the cellular automaton method by introducing dendrite fragmentation by the molten steel flow. First, solid generation by fragmentation was introduced in the cellular automaton method. Then, a casting experiment was carried out with high carbon steel with a mold which induces a solidification shrinkage flow in the mushy region. Finally, the experimental results were compared with the results of calculations with various parameters in order to discuss the characteristics of this model.
Model for Microstructure Calculation
In this research, first, the temperature and velocity fields were calculated. Then, a microstructure calculation was carried out by the cellular automaton method using the calculated temperature and velocity fields. When using the cellular automaton method, the mesh size should desirably be less than the order of 100 μm. However, especially in calculation of the velocity field, the calculation tends to be unstable if a small mesh size is used. Therefore, in this calculation, the element size for calculations by the cellular automaton method was 200 μm × 200 μm, and the temperature and velocity fields were calculated with a mesh size of 5 mm × 5 mm. The temperature and velocity fields are then interpolated as input data of the temperature and molten steel velocity at each time step for the microstructure calculation.
Calculation of Temperature and Velocity Fields
Temperature field is calculated by the energy conservation equation given by Eq. (1). Solidification is considered by the equivalent specific heat method by Eq. (2). 
] is thermal conductivity of steel, ρ [kgm − 3 ] is density of steel, c' [Jkg
] is equivalent specific heat, c [Jkg
] is latent heat and fs [-] is solid fraction. For the velocity field calculation, the motion equation and mass conservation given by Eqs. (3) and (4) (5) K 0 is the permeability coefficient. In the calculation of solidification, a solidification shrinkage flow is induced because the solidification shrinkage rate is set to 4%. Mass conservation is satisfied by the inlet flow from the upper side of the calculation domain. Table 1 shows the target composition of the steel and the properties used in the heat conduction and flow calculations. In this calculation, the target composition is high carbon steel (JIS-S58C). In order to define the heat transfer coefficient between the mold and steel, heat conduction and solidification calculations were carried out in advance with various heat transfer coefficients (5 cases), and the heat transfer coefficient whose time average temperature gradient was closest to the result measured by thermocouples was chosen for this calculation (1 100 Wm
). The term for this average was defined as from the time when the temperature at the outer thermocouples was below the liquidus temperature to the time when the temperature at the center thermocouples was 15 K lower than the solidus temperature.
Nucleation Model
The nucleation model, which expresses the relationship between the nucleus density and undercooling, was expressed by a heterogeneous nucleation model using the Gaussian distribution. 16, 17) 
] is nucleus density of primary phase,
] is maximum nucleus density of primary phase, 
Growth Model of Solid Phase
In this calculation, the growth of the solid phase is expressed by the polynomial approximation derived from the relationship between undercooling and the growth velocity (KGT model 19, 20) ).
The index i represents a solute element. Table 3 . The obtained polynomial expression is shown as Eq. (8). 
, respectively. For solid growth in the cellular automaton method, a decentered square growth algorithm 10) is used.
Consideration of Generation of Solid Nuclei by
Dendrite Fragmentation In addition to heterogeneous nucleation, generation of solid nuclei by dendrite fragmentation is considered in this model. Esaka carried out stirring experiment of transparent organic matter and shown that observed equiaxed grains dramatically increased by flow velocity which is faster than critical value while amount of observed equiaxed grains was small under slow flow. 21) In the model, the frequency of dendrite fragmentation increases dramatically when the velocity of the molten steel flow is higher than the defined velocity threshold. In this research, this tendency is expressed by the increment of the nuclei density per second, as shown by Eqs. (9) and (10) .
] is density of nuclei generated per second,
] is maximum density of nuclei generated per second, V [ms Figure 1 shows a schematic illustration of the casting experiment. The experiment was carried out with a mold for 50 kg ingot casting. In order to feed solidification shrinkage, a raiser with an insulation board was installed above the mold. A steel plate with a thickness of 20 mm was placed on the bottom of the mold as a bottom plate. In order to obtain the temperature gradient during casting, the temperature was measured with R-type thermocouples.
Melting was carried out with an induction furnace. After the temperature of the molten steel reached the target temperature, the liquid steel was poured into a tundish. The liquidus temperature was predicted as 1 754 K by Hirai's equation. The target temperature was set as 1 914 K so that the superheat was 160 K. After pouring, rice husk ash was placed on the melt for insulation and prevention of solidification of the top surface. In order to keep a constant heat Km transfer coefficient between the air and mold during the experiment, the air around the mold was exchanged continuously with fans. After casting, samples for cross-sectional observation were cut from positions 140 mm and 450 mm from the bottom of the ingot. The microstructure was then observed with an optical microscope after etching with picric acid. Considering symmetry, the observation area was defined as one-quarter of the sample.
Calculation Procedure
For the heat conduction calculation, a 3D non-steady calculation was performed. The calculation domain was assumed to be the same size as the experimental system. The mesh size was 5 mm × 5 mm. Referring to the experimental values measured by the thermocouples, the initial temperature of the steel was set to 1 847 K, the initial temperature of the mold was set to 291 K and the initial temperatures of the insulation board, rice husk ash and air were set to 281 K. The initial temperature of the molten steel was set referring to value measured by the thermocouples immediately after pouring, and the other temperatures were set referring to the values measured by the thermocouples immediately before pouring. The calculation domain of the microstructure calculation was the observed cross section, and the mesh size was 200 μm × 200 μm (2D). To evaluate the validity and characteristics of Eqs. (9) Figures 3(a) and 3(b) show the microstructures of the cross section at 450 mm (upper sample) and 140 mm (lower sample) from the ingot bottom. The microstructure of the lower sample consisted mainly of columnar grains which grew in the direction of heat flow from the surface to the center of the sample. In contrast, an equiaxed-like microstructure whose primary dendrite arm was tilted against the heat flow direction was observed in the upper sample. Figure 3(c) shows the traced equiaxed-like microstructure of (a). The area ratio of the equiaxed-like microstructure was 11% in the upper sample. Figure 4 shows the distribution of the grain size of the traced equiaxed-like microstructure. The number of traced grains was 21, and the maximum grain size (length of primary dendrite arm) was 15 mm. In the model, a solid grain of the initial size is generated when the model determines that a solid grain is generated by dendrite fragmentation. Because the observed maximum grain size in the upper sample was 15 mm, the initial grain size in this calculation was selected randomly up to 15 mm. In reality, solid grains sometimes combine and behave as one grain during solidification. However, the calculated solid grains always appear individually when the preferential growth directions of dendrites are different. Thus, if the actual grain size distribution is used, the large solid grains which were actually observed hardly appear in the calculation, and many small grains can appear in the final solidification region; as a result, the calculated microstructure is different from the actual microstructure. In order to avoid this difference between the actual and calculated microstructures, the grain size was randomly chosen up to 15 mm instead of using the observed distribution. Figure 5 shows an example (V crit = 400 μms
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) of the calculated microstructure of the cross sections at the same position as in the experiment, using the results of heat conduction calculation. Here, (a) and (b) are the calculation results for the upper and lower samples, respectively. In the cross section at the upper sample position, the equiaxed-like microstructure was located in the lower left area, which is the final solidification region. However, at the lower sample position, columnar grains grew over the entire cross section. Figure 6 shows the frequency of occupancy of solid grains which were generated by fragmentation at the upper sample position and lower sample position. Calculations were carried out five times for each case (Case 1 to Case 5). In the cellular automaton method, solid grains are generated stochastically depending on the nuclei density, and the calculation results for the same condition show difference because of that stochastic characteristic.
In this research, five calculations were carried out for each case, and the occupancy ratio of the solid phase generated by fragmentation was evaluated. As the value of V crit decreases, the possibility of the existence of solids generated by fragmentation in the lower left region increases and the equiaxed-like microstructure region becomes larger. In terms of the difference in the microstructures of the cross sections at the upper and lower sample positions, mainly the equiaxed-like microstructure was seen in the upper sample, whereas columnar grains grew over the entire lower sample. The calculation results reproduced the observed results qualitatively when V crit was higher than 400 μms − 1 , i.e., in Cases 1 to 4. Figure 7 shows the area ratio of the observed equiaxed-like microstructure and the ratio of the area occupied by solid grains generated by fragmentation more than three times in five calculations of the cross section of the upper sample. In this calculation, the area ratio for Case 4 was 10.8%, which showed good agreement with the observed result.
Characteristics of Model of Solid Grain Generation by Fragmentation
First, the convergence of the results of five calculations using this model, which defines solid grain generation by fragmentation stochastically, will be discussed. In order to confirm the convergence of the results with the five calcula- On the other hand, in (b), the ratio of the area occupied by the equiaxed-like microstructure in more than 10 calculations was 9.8%. The difference depending on the number of calculations was 1%. Thus, it is considered that the results of five calculations show the converged results to a certain degree. Next, the reason why Cases 1 to 4, in which V crit ≧ 400 μms − 1 , reproduced the difference between the upper and lower samples will be discussed. Figure 9 shows the average velocity of molten steel V ave in the calculation cells which satisfied the following conditions in (a) upper sample and (b) lower sample: (i) In those calculation cells, the temperature was below the liquidus temperature.
(ii) Those calculation cells neighbored semisolid cells.
The dash line shows V crit of Case 4 (400 μms
− 1
). In this calculation, results of flow velocity calculation in all cases were same. In the calculation of Case 4, which displayed the best agreement with the observed microstructure among the ), but at the upper sample position, V ave was larger than V crit, especially in the final stage of solidification. This difference is considered to be due to the smaller size of the flow channel at the upper sample position than that at the lower sample position in the final stage of solidification. It is also thought that this difference of V ave in the final stage of solidification led to the difference in the microstructures of the upper and lower samples in this calculation.
Finally, the possibility of dendrite fragmentation by a molten steel flow whose velocity is larger than 400 μms − 1 will be discussed. Since the order of the calculated flow velocity was smaller than the reported value in the electromagnetic stirring condition, there is considered to be virtually no possibility of fragmentation due to dynamic pressure. On the other hand, the diffusion coefficients of carbon, manganese and silicon are 1 , respectively, and the one-dimensional diffusion lengths of those elements were estimated as 324 μms , it is possible that local remelting occurred due to transportation of solute by the molten steel flow. Regarding solute transportation, the relationship between the effect of the molten steel flow and the effect of diffusion can be also evaluated by the Peclet number, which is a dimensionless number expressed as Eq. (11). , which were the maximum values of V ave at the upper and lower sample positions, were substituted for V. As a result, the solute Peclet numbers at the upper and lower positions were 0.98 and 0.26, respectively. Thus, the effect of the molten steel flow at the upper sample position was also larger than that at the lower sample position in the evaluation by the dimensionless number. Figure 10 shows a schematic illustration of the process from local concentration by solute transportation due to the molten steel flow to dendrite fragmentation. When the effect of solute transportation by the molten steel flow is small, it is considered that a homogeneous solute concentration tends to be maintained as a result of diffusion, but when the effect of solute transportation is large, that solute tends to flow from upstream to downstream. As a result, a region of local high solute concentration can be formed, and remelting proceeds under this condition. Consequently, it is also possible that fragmentation of dendrite takes place.
Summary
In order to increase the accuracy of prediction of the equiaxed-like microstructure, a model for microstructure prediction by the cellular automaton method was constructed, and the calculated results were compared with the results of a casting experiment in the laboratory. The following findings were obtained.
• In this calculation, the character of the microstructure was qualitatively reproduced when V crit ≧ 400 μms . It is considered that this result was due to the velocity difference of the molten steel flow near the solidification interface between the upper and lower sample positions.
• V crit which reproduced the observed microstructure was smaller than the molten steel velocity induced by electromagnetic stirring. Considering the effect of solute diffusion and the effect of solute transportation by convection, it is considered that V crit is an appropriate value for reproducing remelting of dendrite due to local solute concentration by convection, and consequently, dendrite fragmentation.
